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I. INTRODUCTION 


Superstring theories have been, for now a number of years, the most promising candidates for physics beyond the 
Standard Model (SM). Two major problems, however, have impeded extracting definite phenomenological predictions 
from these constructions: the large vacuum degeneracy and the issue of supersymmetry (SUSY) breaking. A large 
amount of work has been devoted to studying both questions, which has led to the proposal of several mechanisms 
and models in order to solve them. Among those, gaugino condensation [jlj is the most promising one, and it has 
been implemented, more or less successfully, in superstring inspired scenarios. This is a non-perturbative effect which 
provides the typically flat stringy fields, the dilaton and the moduli, with a non-trivial potential which could eventually 
lead to their stabilization at realistic values. It can also give rise to SUSY breaking at the so-called condensation 
scale (A c ~ Mpe~ a ^ 9atrin ^ where Alp is the reduced Planck mass and gstring is the string coupling constant), relating 
therefore both major problems of superstring phenomenology. So far all this is happening in the hidden sector of 
the theory, governed by a strong-type interaction, and, in this simple picture, gravity is responsible for transmitting 
the breakdown of SUSY to the observable sector (where the SM particles and SUSY partners live), parameterized in 
terms of the gravitino mass 7713/2 ~ Aj?/Mj> which sets the scale of the soft breaking terms. 

On the other hand, it is typical of many superstring constructions to have anomalous U(l)x symmetries whose 
anomaly cancellation is implemented by a Green-Schwarz mechanism ]2j [|], where the dilaton plays a crucial role. 
This anomalous symmetry induces a Fayet-Iliopoulos (F-I) D-terrn in the scalar potential, and this will generate extra 
contributions to the soft terms. Therefore one might expect an interesting interplay between SUSY breaking through 
gaugino condensation and the presence of the U(l)x- Moreover, there is now a new scale in the theory, that of the 
U(l)x breakdown, £. Given that both hidden and observable sector fields are charged under this symmetry, the F-I 
term will act effectively as an extra source of transmission of the SUSY breaking between sectors. In fact, given that 
in general £ < Alp, one expects that the F-I will set the scale of the soft breaking terms. 

All these issues have been recently discussed in a number of papers [|| [u|, but always in a global SUSY limit. In 
ref. H it was pointed out that the contribution from the D-terms to the soft breaking terms is the dominant one, 
which was claimed to have phenomenological merits. In particular, this could be useful to get naturally universal 
soft masses, thus avoiding dangerous flavour changing neutral current effects. On the other hand, in ref. |J it was 
shown that that discussion had ignored the crucial role played by the dilaton in the analysis. Furthermore, it was 
claimed (based on particular ansatzs for the Kahler potential) that the situation is in fact the opposite, namely the 
contribution from the F-terms to the soft breaking terms is the dominant one. 

Here, we present the generalization of the results obtained in ref. || to the supergravity (SUGRA) case, which is 
the correct framework in which to deal with effective theories coming from strings. Whereas we have checked that 
the SUGRA corrections do not affect significantly the minimization of the potential, and thus the vacuum structure 
of the theory, we have seen that they are crucial for a correct treatment of the soft breaking terms. This is due to the 
fact that the analysis of the soft terms relies heavily on the cancellation of the cosmological constant, an issue which 
can only be properly addressed in the context of SUGRA. This single extra requirement will introduce very powerful 
constraints on the structure of the soft terms, which entirely contradict previous results. 

The structure of the paper is as follows: in section II we first extend the formulation of the F-I term made in 
ref. H to SUGRA, as a previous stage to analyze the vacuum structure of a typical model first presented in ||. In 
section III we study the cancellation of the cosmological constant, and we apply the constraints we get from it to the 
calculation of the soft breaking terms, obtaining a definite hierarchy between the different contributions to the scalar 
masses and the gaugino mass. In section IV we illustrate our general results with a particular example of a gaugino 
condensation mechanism that stabilizes the dilaton, namely one condensate with non-perturbative corrections to the 
Kahler potential. Finally, in section V we present our conclusions. 


II. ANOMALOUS U(l), GAUGINO CONDENSATION AND THE SUGRA POTENTIAL 

Before studying the interplay between gaugino condensation and the presence of a Fayet-Iliopoulos D-term in string 
theories, let us briefly introduce the general SUGRA formulation of such a F-I term. As has been stressed by Arkani- 
Hamed et al. [[| the dilaton field, S plays a crucial role in this task. Under an anomalous U(l)x transformation with 
gauge parameter a, S transforms as S —> S + iaScs /2, where the Green-Schwarz coefficient, <5 gs> is proportional to 
the apparent 17(1 )x anomaly 
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with g,; the U{\)x charges of the matter fields, (pi (typically |5 gs| ~ O(10 -1 )). In order to be gauge invariant the 
Kahler potential must be a function of S + S — SqsX, where X is the vector superfield of U{l)x [@- Therefore, the 
U(l)x invariant D-part of the SUGRA action reads 
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with 


I< = K(<j>*e 2qiX , fa S + S- S GS X) . (3) 

Extracting the piece proportional to Dx in Eq. (||), and eliminating Dx through its equation of motion we find 
Dx = g\e~ K / 3 [—Kiqi<j>\ + K'6gs/2], whercf] gx is the gauge coupling, the prime indicates a derivative with respect 
to the dilaton S and Kj indicates derivatives of the Kahler potential with respect to <p*. Consequently, the contribution 
to the potential is 


v n = ^T D x = T/Jx [K iqi 0*+e} 2 
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with 


■ ( 5 ) 

In writing Eq. (|j) we have absorbed the e _2i U 3 factor into the redefinition of the vierbein e —> e 2if / 3 e, as it is usually 
done in SUGRA theories to get a standard gravity action. Eqs. (||j|) were obtained in ref. j(| in the global SUSY 
picture. The expression of £ 2 remains as given in ref. |(]]. 

Let us now turn to the gaugino condensation effects, and how are they affected by the presence of the F-I potential. 
In order to discuss this issue, let us consider in detail the model presented initially by Binetruy and Dudas (|| and 
recently reanalyzed by Arkani-Hamed et al. [^|. The starting point is a scenario with gaugino condensation in the 
hidden sector of the theory, originated by a SU(N C ) strong-like interaction. Following || we take the number of 
flavours Nf = 1, which corresponds to chiral superfields Q , Q that transform under SU(N C ) x U(l)x as (N c ,q) and 
( N c ,q ) respectively. The spectrum in this sector is completed by a SU(N C ) singlet, <p, which has charge —1 under the 
17(1) x- R is also assumed that £ 2 has positive sign. The superpotential of this model is given by 
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where t = i/2 QQ is the meson superfield and A is the condensation scale, which is related to the dilaton by 
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As for the Kahler potential, K, it was assumed in |5|,|6[ that it consists of a dilaton dependent part plus canonical 
terms for t and ip. The scalar potential for such a theory in the framework of SUGRA is given by 
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where, as before, a prime indicates a derivative with respect to S , and the subindices indicate derivatives of the 
superpotential and Kahler potential with respect to the corresponding fields. The terms generated by the SUGRA 
corrections are indicated explicitly by the presence of inverse powers of the Planck mass, so that in the limit Mp —> oo 
we recover the global SUSY case studied by the authors of refs. || and . 

The D-part of the potential reads 


x The convention for the sign of Dx is as in ref. ||. 
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This model leads to SUSY breaking by gaugino condensation (provided that S is stabilized at a non-trivial value). 
In order to study the phenomenological implications of the presence of the F-I term, we have to compute the soft 
breaking terms, separating the F-I contribution. The first step in this task is to minimize the potential. Following 
ref. j|] we define the parameters 
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with t«l. We have checked that the expansion in e presented by refs. j|](]], around < p 2 >= £ 2 and < t 2 >= 0, is 
still correct in the SUGRA case. To be more precise, we will parameterize 


< ip 2 > — £"[1 + e(q + q) + a e 2 + ...] , 


< t 2 > = 2£ 2 e[l + be + ...] . 


( 11 ) 


It is straightforward to check that the minimization of V with respect to the <p, t fields at lowest order in e imposes 
the form of the lowest order terms in Eq. ©• In order to evaluate the next to leading order coefficients in this 
expansion, a and b , we have to solve the minimization conditions to the next order in e. For this matter, and future 
convenience, the following (lowest order in e) expressions are useful 


W = ?h£ 2 e N c , 
Dx=g 2 ee 2 ( a~(q + q)b) 


N P . 


N r ~ 1 


at L 2 

dW _ , 

— = TO^e (q + q) , 

dW 2 (q + q) 

■w = - m(e ^r ■ 

Now, from the minimization condition, d t V = 0, we get 
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where b 0 is the result obtained in || in the global SUSY case 
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From the second minimization condition, d v V = 0, we get 
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From the previous expressions we can write the final form of the D-term 
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where A sugra was given in Eq. (|2C|). 

Finally, the third minimization condition, dsV = 0 translates into an equation for the value of the third derivative 
of the Kahler potential, 
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For phenomenological consistency we will assume that K'" satisfies ( |23f ) at Re.? ~ gcur — 2- Notice that, since Sgs 
is small, one expects 


K'" > K" , (24) 

as was already pointed out in ref. [[|. In that reference it was also claimed that one expects K' K", based on a 
particular ansatz for K. This was crucial to get the result that the F-term contribution (in particular the F$ one) 
to the soft terms dominates over the D-term one. However, as we shall shortly see, this is not a consequence of the 
minimization and, in fact, general arguments indicate that the most likely case is precisely the opposite. 


III. CANCELLATION OF THE COSMOLOGICAL CONSTANT AND SIZE OF THE SOFT TERMS 


In order to get quantitative results for the soft terms we need, beside the above minimization conditions, an 
additional condition, which is provided by the requirement of a vanishing cosmological constant. Notice from Eqs. (0 
0 that, for this matter, the D-part of the potential and the \W t + K t W\ 2 term in Eq. (||), being of order 0(e 4 ) and 
0(e 3 ) respectively, are irrelevant. Consequently, at order 0(e 2 ) the cancellation of the cosmological constant reads 


V = e K <1 -A- \w' + K'W + \W V + I<^W\ Z - 3 \W\‘ 
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From this equation it can be already noticed at first sight that K' cannot be much larger than K ", otherwise the 
first term above cannot be cancelled by the — 3|VF| 2 term. Actually, from (^) it is possible to get non-trivial bounds 
on the relative (and absolute) values of K' ,K" and thus on the relative size of the various contributions to the soft 
terms. It is important to keep in mind that £ 2 = —K'5gs/2 and that both —K',K" have positive sign (the former 
by assumption, the latter from positivity of the kinetic energy). Eq. (ps|) translates into 
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The 1 in the right hand side corresponds to the |E V | 2 = e K \ W V + K V W\ contribution while the other term 
comes from the |Fs| 2 = e' R: (/\ ,, ) _1 \W' + I\’W\ 2 contribution. Note that /(£ 2 ) > 1, reflecting the fact that both 
contributions are positive definite. We can treat Eq. (^6|) as a quadratic equation in £ 2 which has /(£ 2 )-dependent 
solutions given by 
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The existence of solutions requires a positive square root. Hence, /(£ 2 ) is constrained to be within the range 


which in particular implies that 
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Actually, (q + q)/N c is also bounded due to phenomenological reasons. Namely m 3 /2 ~ \ W\/Mp should be 0(1 TeV) 
to guarantee reasonable soft terms. Since the perturbative and non-perturbative contributions to W (see Eq. (Jo])) are 
of the same size at the minimum, we may apply this condition to the non-perturbative piece, i.e. 

/ o \ 1/ (N c — 1) 

\W np \ = (N c - 1) l— e - 2 ( q +d s / 5as j ~ 0(1 TeV) , (31) 

where we have used Eq. ( 0 ) and everything is expressed in Planck units. Using t 2 /( Nc U > 0(1) we get 
2 (q + q)ReS/5Gs(N c — 1) ~ 34. Since ReS 1 ~ 2, we finally get 
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Now, a non-trivial result about the relative sizes of K' and K" can be derived from the right hand side of the Eq. (J2fj) . 
By writing /(£ 2 ) explicitly in terms of these derivatives of the Kahler potential and using Eq. (H) we get 
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which results in the general bound 
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This bound means in particular that the K" <C \K'\ assumption made in ref. is clearly inconsistent with the 
cancellation of the cosmological constant. As mentioned at the end of section II, this assumption was crucial for 
the results obtained in that paper concerning the relative size of the F and D contributions to the soft terms. This 
suggests that those results must be revised, as we are about to do. 

Besides Eq. (|34|), Eq. (|2ti|) provides interesting separate constraints on K',K". Namely, from Eq. (^6|) we can write 
the inequality (®2 £ 2 p""< 3£ 2 , which implies 
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hand, Eq. (|2^) also implies the 


a '"-I(i^S) 2 ~ 0(100) ' (36) 

Let us notice that the bounds Eq. ( |35| ) and Eq. (^) are a consequence of imposing that neither the \F,„\ 2 nor the 
\Fs\ 2 contributions (both positive) may be larger then the (negative sign) contribution 3|IU| 2 in Eq. (J25|). 

It is also interesting to discuss in which cases the |-Fs| 2 contribution dominates over the \F V \ 2 one or vice-versa. 
The \Fg\ 2 contribution is maximized when /(£ 2 ) is as large as possible, i.e. when the upper bound in Eq. (|2S| ) gets 
saturated. Then £ 2 = (q + q)/N c and hence (see Eqs. (ill)) 

\K'\ - 18 . (37) 

If \K'\ is smaller (larger) than 18, |-F(,| 2 becomes dominant and £ 2 tends to left (right) hand limit of (|35|). Condition 
(P7|) does not guarantee that the \Fs\ 2 contribution dominates over the lE^j 2 one. This would require /(£ 2 ) 1, 
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i.e. \—K'/K"\ 5gs/2 and, from Eq. (p9|), (q + q)/N c -C 3/4. The latter condition clearly shows that |Fg| 2 

dominance can only happen in a very restricted region of parameter space, and therefore is unlikely to appear in 
explicit constructions. 

Let us turn now to the important issue of the soft terms, and how are they constrained by the previous bounds. 
The soft mass of any matter field, cj), is given by 

m 2 r f > = nip + m 2 D , (38) 

where 


m 2 F = e^ITTI 2 and m 2 D = — q</, < D > (39) 

are the respective contributions from the F and D terms to Here is the anomalous charge and we have 
assumed a canonical kinetic term for cf> in the Kahler potential (as for t and ip). From Eq. ( p2| ) 

< D x >= 0(1) x e K m 2 e 2 (q + q) 2 . (40) 


So, using Eq. (ED we get 
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(41) 


This means that for \K'\ < 18 the D contribution to the soft masses will be the dominant one (contrary to what was 
claimed in ref. j(|). The \K'\ > 18 case cannot be excluded, but we could not implement it with the explicit example 
we use in the next section. On the other hand, notice that, since £ 2 oc \K'\ (see Eq. (j|)), the F-I scale becomes in 
this case comparable to Mp (or larger). So it is not surprising that for large K' the role of gravity as the messenger 
of the (F-type) SUSY breaking is not overriden by the “gauge mediated” (D-type) SUSY breaking associated to the 
F-I term. 

Concerning gaugino masses, these are given by 


* ±(K")- 2 e K \W r + K'W\ 2 . (42) 

Using (A'") _1 |VU / + K'W | 2 < 3|IU| 2 (to allow V = 0 in Eq. ©) we get 

ml < ^(K")~ 1 e K \W\ 2 = i( W ■ (43) 


Since K" > 0(100), the gaugino masses are strongly suppressed with respect to the scalar masses, which poses a 
problem of naturality. Namely, since gaugino masses must be compatible with their experimental limits, the scalar 
masses must be much higher than 1 TeV, leading to unnatural electroweak breaking. This conclusion seems inescapable 
in this context. 

Summarizing, the hierarchy of masses we expect is 

m 2 < m 2 F < m 2 D , (44) 


although the last inequality might be reversed in special cases. 


IV. EXPLICIT EXAMPLES 


In this section we want to illustrate the points we have just been discussing with a particular example. For that 
purpose we shall take a model of gaugino condensation in which the dilaton is stabilized by non perturbative corrections 
to the Kahler potential in particular the ansatz we shall use is 


where [[To) 


K = — log(2ReS) + K np , 
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This function depends on three parameters, £>o, D , and B , the hrst of which just determines the value of R eS at the 
minimum. Since Re*!? ~ 2, we shall fix So = 2 from now on. Therefore this description is effectively made in terms of 
only D and B , which are positive numbers. 

The ansatz Eq. (|4q) can naturally implement the hierarchy K' <C K" <C K"\ which, as we have seen in previous 
sections (cf. Eqs. fi~ij ) ), is required to stabilize the clilaton at zero cosmological constant. Actually, there is a 
curve of values of D vs. B for which this happens. This is shown in Fig. 1 for a few different values of (q + q)/N c 
( Sgs being determined by imposing a correct phenomenology); all of them below the upper bound of 3/4 found in 
the previous section, see Eq. (3^). 



FIG. 1. 

Values of the B and D parameters (in logarithmic scales) that give a zero cosmological constant with the ansatz of Eq. ( |iii| j. The hidden 
gauge group is SU(5), and m = 10 ~ 10 Mp for all the curves. The solid line corresponds to q + q = 1 and 5q$ = 45/1927T 2 , the dashed line 
to q + q = 2.5 and 8qs = 120/1927T 2 and the dash-dotted line to q + q = 3.5 and 5q$ = 1 50/ 1 92tt 2 . The thin lines show the corresponding 
lower bound on B obtained from Eq. (nil). 


The sizes of K' and K" at the minimum are 


\K'\ ~ 0(10) < 18 
\K"\ ~ 0(100)1#'! 


(47) 


The second equation satisfies the bound Eq. (jdj), while the first one has implications on the size of the soft terms as 
we shall shortly see. 

Concerning the size of the different terms in the potential, it is remarkable how, for small (big) values of the D ( B ) 
parameter it is the F lf term the one that dominates over Fs in the potential and therefore cancels the 3|1E| 2 . Given 
that K' < 18 that means that in this region of the parameter space (see the discussion after Eq. (|37|)) 
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As B decreases (i.e. D increases) the size of both F terms becomes comparable and, eventually, the value of £ 2 tends 
to a constant value given by (q + q)/N c . This can be understood from Eq. ([h|) in the asymptotic regime of “small” 
B (see Fig. 1). Defining e = e - s (VReS' min -\/S7) we j iave j n re gime 
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where the subscript min denotes values at the minimum. We can now evaluate /(£ 2 ), which is given by 


2K' 8VR. eS m i n 

&gsK" $gsB 


(50) 


Imposing the limit of Eq. (|o|), /(£ 2 ) < 3IV c /[4(g + q)}, we get a lower bound on B , which is the one shown in Fig. 1 
for each example, 


,. 8 \/ Re in. 9 6 \/ Re S rn t n . P1 , 

<51) 

It can also be seen in Fig. 1 that B approaches asymptotically this bound, and therefore /(£ 2 ) will tend to a constant 
value in this limit. Using Eq. (^8|) we finally obtain that £ 2 goes to an asymptotic value given by (q + q)/N c . Using 
Eq. © this means that the ratio q^mF /thd tends to 1. In fact, since \K'\ < 18 in these particular models, this same 
equation tells us that q^mF/mr> approaches 1 from below. In other words, we are in a scenario where the scalar soft 
masses are dominated by the D -term (see the discussion at the end of section III). All this is illustrated in Fig. 2 for 
the same three cases presented in Fig. 1. 



FIG. 2. 

Plot of q^mp /rriD vs D , with B fixed to the values given by the previous figure. Same cases as before. The thin lines show the 
corresponding lower bound on q^mp/mp derived from Eq. (|3o|). 


The left hand limit of each curve is determined by the corresponding value of £ 2 given by Eq. (^8), that is corresponds 
to Vo = 0 driven by F v , whereas as we move in the parameter space towards larger (smaller) values of D ( B ) the Fs 
term contributes more to the cancellation of the cosmological constant until we reach the constant value defined by 
<d 2 = (q + q)/N c . Moreover the ratio q^mp /thd tends to its maximum value. Therefore this is an ansatz for K np for 
which we get the different possibilities for cancelling the cosmological constant, generically with the soft scalar masses 
dominated by their D contribution. 
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V. CONCLUSIONS 


Four-dimensional superstring constructions frequently present an anomalous U(l)x, which induces a Fayet- 
Iliopoulos (F-I) D-terrn. On the other hand SUSY breaking through gaugino condensation is a desirable feature 
of string scenarios. The interplay between these two facts is not trivial and has important phenomenological conse¬ 
quences, especially concerning the size and type of the soft breaking terms. Previous analyses 10 , based on a global 
SUSY picture, led to contradictory results regarding the relative contribution of the F and D terms to the soft terms. 

In this paper we have examined this issue, generalizing the work of ref. |j| to SUGRA, which is the appropriate 
framework in which to deal with effective theories coming from strings. We have extended the formulation of the 
F-I term made in || to the SUGRA case, as well as considered the complete SUGRA potential in the analysis. This 
allows to properly implement the cancellation of the cosmological constant (something impossible in global SUSY), 
which is crucial for a correct treatment of the soft breaking terms. Moreover this condition yields powerful constraints 
on the Kahler potential, which leads to definite predictions on the relative size of the contributions to the soft terms. 
In particular we obtain the following hierarchy of masses 

m\ <€. m 2 F < m 2 D , (52) 


where mn 2 F , m 2 D are the contributions from the F and D terms, respectively, to the soft scalar masses, and m\ are the 
gaugino masses. These results amend those obtained in ref. |g). The last inequality could be reversed if K ', i.e. the 
derivative of the Kahler potential with respect to the dilaton at the minimum, is large (> 20). This is not surprising, 
since in this way the F-I scale (which is proportional to K') can be made comparable to Mp , so that the role of gravity 
as the messenger of the (F-type) SUSY breaking is not overriden by the “gauge mediated” (D-type) SUSY breaking 
associated to the F-I term. This situation cannot be excluded, but in our opinion it is unlikely to happen. The first 
inequality in ( |52|) is rather worrying since it poses a problem of naturality. Namely, given that gaugino masses must 
be compatible with their experimental limits, the scalar masses must be much higher than 1 TeV, leading to unnatural 
electroweak breaking. This conclusion seems inescapable in this context. 

Finally, we have illustrated all our results with explicit examples, in which the dilaton is stabilized by a gaugino 
condensate and non-perturbative corrections to the Kahler potential, keeping a vanishing cosmological constant. There 
it is shown how the various contributions to the soft terms are in agreement to the hierarchy expressed in Eq. (52). 
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